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Taylor & Francis makes every effort to ensure the accuracy of all the information (the "Content") contained in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and should be independently verified with primary sources of information. Taylor and Francis shall not be liable for any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of the Content. This article may be used for research, teaching, and private study purposes. Any substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http:// www.tandfonline.com/page/terms-and-conditions P lant cell walls are the most abundant biomaterials on Earth and serve a multitude of purposes in human society. These complex extracellular matrices are mainly composed of polysaccharides, including cellulose, hemicelluloses and pectins, which cannot be cytologically examined using conventional techniques. Click chemistry, which exploits a bio-orthogonal cycloaddition reaction between alkynyl and azido groups, has proven to be useful for the metabolic incorporation and detection of modified sugars in polysaccharides in animals, fungi and bacteria, but its use to interrogate the biosynthesis or dynamics of plant cell walls has not been previously reported. Recently, we found that an alkynylated analog of fucose can be metabolically incorporated into Arabidopsis thaliana cell walls and click labeled with fluorescent probes, facilitating imaging of cell wall carbohydrates. Despite the presence of fucose in several classes of wall polysaccharides, fucosealkyne was primarily incorporated into rhamnogalacturonan-I, a type of pectin. Using timecourse and pulse-labeling experiments, we observed the dynamics of pectin delivery and reorganization in expanding cell walls. The use of click chemistry to investigate plant cell wall architecture should help bridge the gap between biochemical characterization of isolated cell wall components and an understanding of how those components interact in intact cell walls.
Plant cell walls, which define cell and organ shape during development, are and lignin is thought to polymerize in the wall from monolignol precursors that are produced in the cytoplasm. 3 Primary cell walls are also dynamic structures that must expand along with the protoplasts they encase while withstanding the substantial turgor pressure generated during cell growth. 4 Despite extensive biochemical and genetic analyses, many subcellular details of cell wall biosynthesis and dynamics remain enigmatic. A primary reason for this lack of information is that cell walls are composed largely of carbohydrates, which are not amenable to genetic tagging and must be imaged using alternative approaches. 5 Taking an approach that has been used in animal systems, 6, 7 we 8 performed metabolic labeling with an alkynylated fucose analog to enable fluorescent labeling of polysaccharides via click chemistry.
Illuminating the wall
perfectly mimic L-fucose in Arabidopsis. First, no decrease in FucAl-associated fluorescence was detected in mutant seedlings containing genetic lesions in glycosyltransferases that have been assigned as fucosyltransferases for xyloglucan, arabinogalactan proteins and N-linked glycoproteins. 8 Second, biochemical and enzymatic extractions of FucAl-treated cell walls indicated that the majority of FucAl is incorporated specifically into the RG-I fraction of pectin. Forty-nine loci in the Arabidopsis genome database 18 encode proteins containing confirmed or putative fucosyltransferase domains, and ten of these loci are related to ATFUT1, the fucosyltransferase for xyloglucan. 12 The above results suggest that the currently unidentified fucosyltransferase(s) normally responsible for fucosylating RG-I might be less selective for GDP-L-fucose over GDP-FucAl than those for RG-II, xyloglucan, N-linked glycans, and/or FucAl. Unexpectedly, adding excess glucose or galactose led to increased FucAlassociated fluorescence in the cell walls of seedlings. 8 These data suggest that the presence of excess glucose and galactose might result in enhanced FucAl uptake, upregulation of the fucose salvage pathway, or downregulation of the de novo GDP-L-fucose biosynthetic pathway; 11 all three of these effects would increase the fraction of GDP-L-FucAl in the nucleotide sugar substrate pool for fucosyltransferases. Support for the third possibility is provided by the finding that mur1-1 and mur1-2 seedlings, which contain mutations in GDP-D-mannose-4,6-dehydratase, 17 one of the enzymes in the de novo GDP-L-fucose biosynthetic pathway, display slightly higher average fluorescence after FucAl incorporation and labeling than wild-type seedlings. 8 We uncovered multiple lines of evidence suggesting that FucAl does not and the pectins rhamnogalacturonan-I 15 and -II. 16 We exploited this salvage pathway by treating Arabidopsis (Arabidopsis thaliana) seedlings with L-fucose-alkyne (FucAl) (Fig. 1) . In the presence of Cu (I), this monosaccharide analog reacts with azido-containing probes to form a stable triazole ring via the "click" [2 + 3] cycloaddition reaction, enabling the FucAl and any molecules to which it is attached to be covalently tagged with a fluorescent dye and imaged using spinning disk confocal microscopy. Using this approach, we discovered that FucAl is incorporated into rhamnogalacturonan-I, and imaged both pectin delivery sites and pectic network reorganization in Arabidopsis root epidermal cell walls. 8 To confirm that FucAl is incorporated via the fucose salvage pathway, we performed competition experiments in which seedlings were treated with 25 mM monosaccharides in addition to 2.5 μM and characterize plant cell wall polysaccharides and will facilitate investigation of the molecular mechanisms by which plant cell walls are built and modified.
arabinogalactan proteins. Furthermore, preliminary results indicate that fucoseazide, which is metabolically incorporated into animal tissues, 6, 19 is not efficiently incorporated into Arabidopsis seedlings (Anderson CT and Wallace IS, unpublished), again suggesting that steric selectivity might play a role in determining whether fucose analogs are metabolically incorporated in plants.
The utility of FucAl for labeling pectins is only one of many potential applications for click chemistry in studies of plant cell walls. Given the importance of fucose in plant growth, 17, 20, 21 the aforementioned apparent selectivity among plant fucosyltransferases is not surprising. However, it raises the possibility of using different FucAl isomers to selectively label specific fucosylated wall components. Additionally, click chemistry-based libraries 22 could be used to identify specific inhibitors of plant fucosyltransferases, enabling detailed characterization of their biochemical activities.
Based on our results, we believe that the toolkit of click chemistry-compatible monosaccharides could be rationally expanded to include new metabolic labels for distinct cell wall polysaccharide networks. For example, click monosaccharide analogs of 2-keto-3-deoxy-D-mannooctulosonic acid (Kdo), 2-keto-3-deoxy-D-lyxo-heptulosaric acid (Dha) and L-aceric acid could provide useful probes for analysis of other pectic domains, since these sugars are only found in RG-II side chains. 23 Plants might also display conformational selectivity for the incorporation of click-compatible analogs of sugars that are present in multiple classes of polysaccharides, enabling the simultaneous labeling of multiple cell wall polymer networks. These studies would benefit greatly from the use of recently developed non-toxic click labeling techniques that are compatible with in vivo imaging. 24, 25 Finally, glycosyltransferases could conceivably be engineered to accept only clickcompatible sugar nucleotide substrates, enabling highly efficient fluorescent labeling or capture via click-compatible affinity reagents such as biotin-azide or -alkyne. 19, 26 Overall, the future expansion of click chemistry-based approaches should provide new tools to image, isolate Downloaded by [Pennsylvania State University] at 07: 17 14 March 2015 
